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Abstract 
Laser welding is a promising joining process for welding of copper interconnections. A key criterion of weld quality is the 
penetration depth. This paper presents the investigation of the change of weld pool contour and process emission spectrum 
of copper due change of penetration. Bead-on-plate welds with varying work piece thickness were monitored online with 
illuminated imaging of the weld pool and spectrometry. During full-penetration a 50% elongation of the weld pool in the 
welding direction was observed. The results indicate that weld pool contour is a viable quantity to detect full-penetration. 
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1. Motivation / State of the Art 
Laser welding is a promising joining process for electrical car batteries. Effort on quality assurance of the 
weld is motivated by the narrow parameter window of copper welding process as well as the high unit-costs in 
applications such as electrical car battery joining. A quality criterion to be assured is the penetration into the 
material, which this paper relates to weld pool geometry and emission spectrum for copper.  
 
In the state of the art, with the use of solid-state lasers in welding applications new detection methods were 
devised to detect penetration in-line: A feature called  has been observed with high-speed 
video imaging in steel and aluminum welds and used for closed-loop control [1][2]. The 
has been tracked and shown to be able to detect lack of fusion in overlap configurations [3], which corresponds 
to penetration error. Furthermore, process emissions from keyhole in the infrared region have been investigated 
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in detail and found to correlate well with penetration for steel [4]. We present an investigation of the 
detectibility of penetration depth for welding of copper. 
2. Experimental setup 
The experimental setup is shown in Fig. 1. The laser processing head with integrated monitoring is mounted 
stationary. The integrated monitoring consists of a coaxial camera which images the area around laser spot and 
the fiber-coupled emissions which are analyzed with a spectrometer. An extra linear stage moves the work 
piece (1). The work piece surface is illuminated laterally (3). Since the work piece of copper is highly 
reflective, especially before the keyhole is established, a beam dump (4) is placed to absorb the reflected laser 
radiation. Process gas is provided by the nozzle (5). A cross-jet (6) is mounted below the lens to deflect spatter. 
The weld monitoring system is connected to the laser by the collimation port (9), to the spectrometer by the 
fiber (7) and to the computer by the CameraLink cable (8). The spectrometer, not shown in figure, is also 
connected to the computer, which controls the monitoring of the process. 
 
 
Component Detail 
Material EN CW004A (DIN E-Cu58, BS C101). 
Laser source IPG YLR-4000 @1070 nm 4 kW max. 
Process fiber  Diameter: 100 μm 
Collimation Focal length: 120 mm 
Focusing Focal length: 200 mm 
Imaging Projection ratio: 1:1 CMOS camera, pixel pitch: 10μm 
Spectrometer Ocean Optics HR2000+CG 
Illumination LIMO diode laser, 808 nm 
 
Fig. 1. (a) Experiment setup (b) Component details 
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3. Procedure and results
3.1. Initial process setup
It was found by experiment that the process is stable with a shift of the focus z=2.5-4 mm above the surface of 
the work piece at a welding speed of 6 m/min or higher. Cross sections are shown in Fig. 2, the corresponding
penetration depths are listed in the table.
Cross section number Penetration
1 1.31 mm
2 1.26 mm
3 1.26 mm
4 1.20 mm
5 1.28 mm
Mean 1.26 mm
Standard deviation 0.04 mm
Fig. 2. (a) Penetration determined with cross sectioning (b) Cross section images (Process parameters: z=+4 mm, P=4 kW, v=6 m/min)
3.2. Full penetration of thin sections of work piece
A bead-on-plate weld was performed on a 4 mm copper work piece with milled stripes of 1 mm thickness,
as shown in Fig. 3. The welding speed was 6 m/min. The weld pool has been imaged as described in the
experiment with the coaxially mounted camera at 1430 Hz. In addition, the emission spectrum has been 
acquired with a sampling frequency of 143 Hz, synchronously triggered at one tenth of imaging frequency.
Fig. 3. Work piece with alternating thickness between 4 mm and 1mm
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Images of top and bottom bead of the resulting weld are shown in Fig. 4: Partial penetration in regions 1&3
and full-penetration in regions 2&4 is observed. By sectioning the work piece along the weld and
metallography as shown in Fig. 4 the penetration profile is obtained.
The acquired video showing the weld pool surface was processed with a custom algorithm and the weld pool 
geometry over time was determined, as plotted in Fig. 5 together with the penetration profile obtained from the 
aforementioned longitudinal sectioning.
Continuous acquisition with the spectrometer is partitioned in four sections corresponding to the regions 
with different thicknesses. The mean spectrum from each section is shown in Fig. 6, together with mean 
deviation to assess the change of the emission spectrum within a region. By visual inspection of the work piece
back side, full penetration was observed in the regions 2 and 4. In the spectrum, the reflected laser radiation 
saturated the spectrometer at 1070 nm and vicinity.
From the spectrometric data, radiation (830-1000 nm) and laser back-reflection (1070 nm) were extracted
and plotted in Fig. 7 together with penetration depth.
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Fig. 5. Penetration depth and weld pool geometry
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Fig. 6. Spectra in partial penetration (1&3) and full penetration (2&4) : (a) mean (b) mean deviation
Fig. 7. Penetration depth and emissions from keyhole
4. Discussion
The weld pool geometry, as plotted in Fig. 5 (a), is changing as follows: in full penetration (2&4), the weld 
pool is elongated, where the weld pool width is constant. This result, i.e. the elongation of the weld pool with 
full penetration agrees with reported results [3] for aluminum. 
The four spectra shown in Fig. 6(a) converge on two curves depending on full/partial penetration. The 
measured exposure is smaller in full-penetration which can be explained by the second opening of the keyhole
on the work piece bottom. Furthermore the illumination laser at 808 nm and the back-reflected laser at 1070 nm
can be observed. The notch centered at 532 nm is caused by the blocking of a used optical component due to
other constraints not related to this research.
It is interesting to note that in the region 1 the exposure in 830-1000 nm is increasing with an increasing
penetration. The same relation can be monitored in region 3 between penetration depth and exposure in 830-
1000 nm. The relation can be explained in the rate of evaporation related to the keyhole size.
The research leading to these results has received funding from the European Union Seventh Framework 
Programme (FP7/2007-2013) under grant agreement no 260153 (QCOALA: Quality Control for Aluminium
Laser-Welded Assemblies)'.
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